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ABSTRACT 
35249 /+ 
A spacecraft  t h a t  w i l l  be used f o r  f l i g h t  t e s t s  of ion t h r u s t o r s  i s  
described. The spacecraft  has been designed t o  provide measurements of 
t h r u s t o r  e l e c t r i c a l  parameters and thrust .  
w i l l  determine the v a l i d i t y  of ion thrus tor  performance da ta  t h a t  has been 
obtained i n  vacuum chambers. The spacecraft, which w i l l  c a r r y  two t h r u s t -  
o r s  of d i f f e r e n t  construction, w i l l  be launched i n t o  a b a l l i s t i c  t r a j e c t o r y  
The tes ts  t o  be c a r r i e d  out 
by the  NASA Scout vehicle. The t e s t  time w i l l  be approximately 1 hour. 
INTRODUCTION 
Ion thrus tor  developers have been waiting f o r  t es t s  of ion propulsion 
systems i n  space f o r  several  years. Data t h a t  have thus far been obtained 
i n  vacuum chambers, i n  the course of ion thrus tor  development, may not be 
completely v a l i d  because of the  uncertain influence of the  chamber w a l l s .  
A review of current ion propulsion technology and an extensive bibl iog-  
raphy i s  presented i n  reference 1. 
The SERT-I spacecraft ,  which i s  now i n  the f i n a l  s tage of development, 
w i l l  provide measurements of thrustor  e l e c t r i c a l  parameters and t h r u s t  dur- 
ing  a 1-hour b a l l i s t i c  f l i g h t .  
w a s  begun i n  the  summer of 1961 under the  d i rec t ion  of the  Marshall Space 
F l i g h t  Center of NASA. 
The development of the  SERT-I spacecraft  
Project d i rec t ion  w a s  t ransfer red  a t  the  end of 
1961 t o  the  Lewis Research Center of NASA. 
X-52008 
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This paper presents  a descr ipt ion of the  SERT-I spacecraft  and of 
the  ion thrustor  systems as they have been developed through the  extensive 
component and systems t e s t s  of the pas t  2 years. 
BASIC DESIGN PHILOSOPHY 
The a t t rac t iveness  of the ion thrus tor  f o r  space propulsion l i e s  i n  
i t s  capabi l i ty  t o  produce values of specif ic  impulse t h a t  a r e  more than a 
decade higher than t h a t  produced by chemical rocket systems. 
power required by an accelerator  i s  proportional t o  t h e  product of spec i f ic  
impulse and t h r u s t ,  however, the maximum e l e c t r i c  power aboard the  space- 
c r a f t  determines the  t h r u s t  i f  high values of spec i f ic  impulse a re  t o  be 
achieved. By way of i l l u s t r a t i o n ,  a 1-pound e l e c t r i c  th rus tor  operating a t  
a spec i f ic  impulse of 5000 seconds would require,  a t  100 percent conversion 
eff ic iency,  e l e c t r i c  power i n  excess of 100 kilowatts.  With the  e l e c t r i c  
energy t h a t  it i s  current ly  f e a s i b l e  t o  s t o r e  aboard a spacecraft  of a f e w  
hundred pounds, the  ion accelerator  can operate f o r  s ign i f icant  time per i -  
ods a t  a specif ic  impulse of 5000 seconds or  grea te r  with only millipounds 
of t h r u s t .  Therefore, i n  the  design of the  SERT-I spacecraft ,  considera- 
t i o n  had t o  be given t o  the f l i g h t  t i m e ,  t h e  power supply weight, and t h e  
f e a s i b i l i t y  of detect ing and measuring t h r u s t .  
Because of the  
I n  the planning stage of the  SERT-I spacecraft ,  t h e  mission t i m e  w a s  
1 hour and t h e  nominal ion thrus tor  spec i f ica t ions  were: t h r u s t ,  
0.01 pound, spec i f ic  impulse, 5000 seconds, t h r u s t o r  power eff ic iency,  
50 percent. 
t i o n s  i s  2180 watts. 
30 watt-hours per pound. 
The required input power t h a t  corresponds t o  these specif ica-  
Silver-zinc b a t t e r i e s  have a capacity of approximately 
On t h i s  bas i s ,  the  b a t t e r y  weight f o r  the 1-hour 
- 3 -  
I 
mission i s  7 3  pounds. This b a t t e r y  weight i s  compatible with a t o t a l  
spacecraft  weight of 350 pounds, which the assigned launch vehicle  - the  
NASA Scout, can l o f t  i n t o  a b a l l i s t i c  t r a j e c t o r y  t h a t  y i e l d s  approxi- 
mately 1 hour a t  a l t i t u d e s  above 250 naut ica l  m i l e s .  
A t h r u s t  of 0.01 pound w i l l  produce a l i n e a r  accelerat ion of 
2 . 9 ~ 1 0 ~ ~  g on a 350-pound spacecraft. Because of the d i f f i c u l t i e s  asso- 
c ia ted  with the measurement of so small a l i n e a r  accelerat ion,  it w a s  de- 
cided t o  apply the  t h r u s t  so t h a t  the angular momentum, ra ther  than  the 
l i n e a r  momentum, of the spacecraft  would be varied. Accordingly, a spin- 
s t a b i l i z e d  spacecraft ,  with t h e  ion thrus tor  mounted t o  apply torque about 
t h e  spin axis ,  w a s  selected. With t h i s  arrangement, t h r u s t  can be meas- 
ured through detect ion of the  rate of change of spacecraft  spin rate. A 
very s igni f icant  feature of t h i s  technique i s  the  t i m e  in tegra t ion  of 
t h r u s t  by t h e  spinning spacecraft. 
The 1-hour f l i g h t  t i m e  i s  t o  be shared by two ion thrustors .  The use 
of two t h r u s t o r s  on t h e  spacecraft  provides an important redundancy and 
provides an opportunity f o r  evaluation of two thrus tor  designs. I n  order 
t o  provide the maximum torque-iner t ia  r a t i o  and t o  remain within the  con- 
s t r a i n t s  of the  payload heat shield,  the  t h r u s t o r s  are mounted on pivoted 
brackets  t h a t  swing outward a f t e r  t r a j e c t o r y  inser t ion.  The general  con- 
f i g u r a t i o n s  of the  payload during launch and i n  f r e e  f l i g h t  a r e  shown i n  
f i g u r e s  1 and 2, respectively.  For stable  r o t a t i o n  of the  spacecraft  
about t h e  spin axis, it i s  necessary t h a t  the  spin a x i s  moment of i n e r t i a  
be dominant. This requirement d ic ta ted  t h e  c h a r a c t e r i s t i c  top-l ike shape 
of the  spacecraft. A photograph of a prototype spacecraft  i n  a Lewis 
Research Center vacuum chamber i s  shown i n  f igure  3. 
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ION THRUSTOR DESIGN 
Principle  of Operation 
The i o n  th rus tor  produces t h r u s t  by the accelerat ion of charged par- 
t i c l e s  i n  an e l e c t r i c  f i e l d .  For a net  t h r u s t  t o  be obtained, it i s  nec- 
essary t h a t  t h e  charged-particle exhaust be neutralized. 
erence 1, t h i s  neut ra l iza t ion  requires  (1) equal rates f o r  the e jec t ion  Of 
opposite charges (current  neut ra l iza t ion)  t o  avoid accumulation of charge 
on the  space vehicle and ( 2 )  equal d e n s i t i e s  of opposite charges i n  t h e  
beam (charge neut ra l iza t ion)  t o  avoid space charge e f f e c t s  i n  t h e  beam. 
The e s s e n t i a l  components of a n  ion t h r u s t o r  a r e  the  subsystems f o r  
(1) propellant feed, ( 2 )  ionization, ( 3 )  accelerat ing electrode,  and 
(4) beam neutralization. 
a 
According t o  re f -  
Basic Thrustor Charac te r i s t ics  
The pr incipal  th rus tor  c h a r a c t e r i s t i c s  and operating parameters of 
the  two SERT-I th rus tors  a r e  shown i n  t a b l e  I. The beam diameters of 3 
and 4 inches, as shown i n  the tab le ,  result i n  t h r u s t o r s  of considerable 
bulk. Because gas pressures and e l e c t r i c a l  forces  a r e  low, the  t h r u s t o r s  
can be constructed e s s e n t i a l l y  of thin-walled tubes and p l a t e s ,  yielding 
lightweight assemblies. Thick w a l l s  need be used only where s t r u c t u r a l  
r i g i d i t y  i s  required f o r  dimensional s t a b i l i t y ,  as i n  the  case of e lec-  
t rode alinement and spacing. Thin-walled s t r u c t u r e s  a r e  inherent ly  prone 
t o  multiple vibrat ion modes. 
s t ruc tures  t o  withstand the severe v ibra t ion  of the Scout vehicle  has 
taken considerable e f for t .  Because many of t h e  s t r u c t u r a l  components must 
be e l e c t r i c a l l y  insulated f o r  severa l  k i l o v o l t s  po ten t ia l ,  r i g i d  clamping 
For t h i s  reason, t h e  development of these 
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i s  not of ten possible  i n  the s t ructures ,  and many of the  usual re inforcing 
and damping techniques cannot be applied. 
The choice of propellant f o r  each t h r u s t o r  i s  based on s u i t a b i l i t y  
t o  t h e  ionizat ion process. The specif ic  impulses a r e  5000 seconds f o r  t h e  
electron-bombardment thrus tor  and 8250 seconds f o r  the  contact-ionization 
thrustor .  The power e f f ic iency  i s  approximately 50 percent f o r  both 
thrus tors ,  and the power losses  a r e  due pr inc ipa l ly  t o  thermal rad ia t ion  
from t h e  ionizing and neutral iz ing systems. 
Contact -1oni z a t  ion Thrust or 
A schematic diagram of t h e  contact-ionization thrus tor  i s  shown i n  
f igure  4. 
through a n  e l e c t r i c a l l y  heated porous tungsten ionizer.  The porous tung- 
s t e n  a l s o  serves as the propellant flow-control r e s t r i c t i o n .  Propellant 
feed cont ro l  i s  accomplished through regulat ion of the  b o i l e r  temperature. 
A solenoid valve, which i s  between the b o i l e r  and t h e  ionizer ,  i s  employed 
f o r  rap id  turnon o r  turnoff of propellant flow. 
made up of focus, accelerator ,  and decelerator  electrodes.  The focus 
electrode i s  held a t  a pos i t ive  poten t ia l  of 4500 v o l t s  above spacecraft  
p o t e n t i a l  i n  common w i t h  the  ionizer. The accelerator  e lectrode i s  held 
a t  2000 v o l t s  below spacecraft  potent ia l ,  and the  decelerator  e lectrode 
remains a t  spacecraft  potent ia l .  The p o t e n t i a l  difference between t h e  
decelerator  electrode and the  ionizer cont ro ls  the f i n a l  j e t  veloci ty ,  
while t h e  p o t e n t i a l  difference between the  accelerator  e lectrode and the 
ion izer  determines the saturat ion mass flow rate. Tkte b o i l e r  temperature 
i s  regulated t o  maintain the propellant feed r a t e  s l i g h t l y  below the  
Cesium vapor flows from an e l e c t r i c a l l y  heated b o i l e r  and 
The electrode a r ray  i s  
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sa tura t ion  ra te .  The beam i s  neutral ized by electrons t h a t  a r e  emitted 
from a tantalum filament t h a t  i s  downstream of the decelerator  electrode. 
A s  indicated i n  f igure  4, e l e c t r i c  power must be supplied t o  the  thrus tor  
i n  several  forms and potent ia ls .  
The thrustor  u t i l i z e s  an  annular construction. The tungsten ionizer ,  
the  electrode passages, and the  neut ra l izer  filament a r e  annuli  t h a t  are 
p a r a l l e l  and concentric. 
the ionizer  annulus a r e  approximately 3- inches outside diameter and 1 inch 
wide. 
unobstructed annuli. The neut ra l izer  filament i s  a f i n e  wire t h a t  i s  held 
approximately 1/4 inch downstream of the decelerator  e lectrode along the 
outer periphery of the  annulus. 
The electrode passages and the discharge face of 
1 
4 4 
Support and spacing i n s u l a t o r s  are arranged t o  provide completely 
The thrustor  assembly i s  mounted t o  the  spacecraft  i n  a c y l i n d r i c a l  
The pod i s  evacuated t o  prevent adsorption of oxygen gas magnesium pod. 
by the  tungsten ionizer  during launch operations. 
space by eject ion of a cylinder cap a t  t h e  electrode end. A photograph of 
the thrustor ,  taken during operation i n  a vacuum chamber and showing the  
open pod configuration, i s  presented i n  f igure  5. 
The pod i s  opened i n  
Because the  contact-ionization t h r u s t o r  i s  enclosed i n  a evacuated 
pod, it i s  programed t o  operate during the  f i rs t  ha l f  of t h e  f l i g h t  
period. The electron-bombardment thrus tor ,  which i s  not enclosed i n  a 
pod, w i l l  be  permitted t o  outgas during the  period of operation of t h e  
contact - ion iza t i  on thrustor .  
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Electron-Bombardment Thrustor 
A photograph of a cutaway model of the  electron-bombardment thrus tor  
i s  shown i n  f igure  6, and an e l e c t r i c a l  schematic diagram i s  shown i n  f i g -  
4 
ure 7. Mercury vapor flows from an  e l e c t r i c a l l y  heated b o i l e r  i n t o  the  
ionizat ion chamber. The r a t e  of propellant feed i s  control led by a porous 
s t a i n l e s s - s t e e l  plug through regulation of the  b o i l e r  temperature. A c i r -  
cu la r  b a f f l e  p l a t e  i s  located j u s t  downstream of the plug t o  induce mi- 
form d i s t r i b u t i o n  of the  mercury vapor. The bombarding e lec t rons  are 
emitted from a tan ta lum filament cathode and are a t t r a c t e d  t o  a c y l i n d r i c a l  
shel l  anode t h a t  i s  50 v o l t s  posi t ive with respect t o  the  cathode. The 
anode she l l  and the  cy l indr ica l  ionizat ion chamber w a l l  are coaxia l  with 
the t h r u s t  axis. A coaxial  magnetic f i e l d  i s  generated by a c o i l  t h a t  i s  
wound around the  ionizat ion chamber. The magnetic f i e l d  causes e lec t rons  
t o  move from t h e  cathode t o  the anode i n  acomplexpath and thereby in- 
creases  the probabi l i ty  of c o l l i s i o n  with mercury atoms. 
screen electrode covers the  downstream end of the ionizat ion chamber. The 
acce lera tor  e lectrode has matched perforat ions and i s  spaced approximately 
1/16 inch downstream of the  screen electrode. 
the screen electrode a re  maintained a t  a p o t e n t i a l  of 2500 v o l t s  above 
the  spacecraft  po ten t ia l ,  and the accelerator  electrode i s  maintained a t  
2000 v o l t s  below the spacecraft  potent ia l .  The tantalum neut ra l izer  f i l a -  
ment (not  shown i n  f i g .  7 )  i s  grounded t o  the  spacecraft .  A s  i n  the case 
of the  contact-ionization thrustor ,  the b o i l e r  temperature i s  regulated t o  
maintain the propel lant  feed r a t e  s l i g h t l y  below the accelerator  e lectrode 
sa tura t ion  f l o w  rate. 
A perforated- 
The ionizat ion chamber and 
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Figure 8 i s  a photograph of a f l i g h t  thrustor .  The ex terna l  screen- 
ing i s  grounded t o  the  spacecraft. It functions t o  block the flow of 
e lec t rons  from t h e  neut ra l izer  filament t o  the  walls of the ionizat ion 
chamber. 
Power Supplies 
As pointed out earlier, s i lver-zinc b a t t e r i e s  can provide the  re -  
quired e l e c t r i c a l  power for the  1-hour f l i g h t  duration; however, such ba t -  
t e r i e s  cannot be readi ly  packaged t o  provide the high voltages and c i r c u i t  
ac t ion  required by t h e  thrus tors .  For t h i s  reason, converters were.de- 
veloped t o  change the r e l a t i v e l y  low b a t t e r y  voltages t o  the k i l o v o l t  
range and t o  provide the cont ro l  functions t h a t  a r e  required by the  
t h r u s t  o r  s. 
Sol id-s ta te  converters were selected on the bas i s  of min imum weight 
and adaptab i l i ty  t o  the cont ro l  requirements. 
separate converters a r e  coupled t o  the  two thrus tors .  
which a r e  similar i n  method of operation, use t r a n s i s t o r  choppers, t rans-  
former voltage conversion, and s o l i d - s t a t e  r e c t i f i e r s .  Voltage and current  
regulation are obtained through var ia t ion  of the conducting time period 
(pulse-width modulation) of the t r a n s i s t o r  choppers. A b a t t e r y  volbage 
of 56 v o l t s  was selected on the b a s i s  of compat ibi l i ty  with b a t t e r y  pack- 
aging and with voltage and current  l i m i t s  of ava i lab le  t r a n s i s t o r s  f o r  the 
chopper c i rcu i t s .  The b a t t e r y  i s  d i r e c t l y  connected t o  the  chopper t r a n -  
s i s t o r s  of both converters. Converter turnon and turnoff i s  control led by 
switching power t o  the pulse-width-modulation o s c i l l a t o r  i n  each converter. 
The currents  drawn by these o s c i l l a t o r s  a r e  small f r a c t i o n s  of the  t o t a l  
For complete redundancy, 
The two converters,  
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converter input currents  and can be switched by r e l a t i v e l y  low current  
relays. 
t i n g  periods i s  negligible.  
Chopper t r a n s i s t o r  leakage during prelaunch and f l i g h t  nonopera- 
A pr inc ipa l  fea ture  of the  converters i s  the protect ion provided 
against  damage through output shor t  c i r c u i t s  t h a t  are generated by elec-  
t r i c  arcs. 
l o w  dens i ty  plasma, the ion thrus tor  presents  an e l e c t r i c a l  load t h a t  i s  
very susceptAble t o  arcing. I n  t h e  converters, t h e  c i r c u i t s  t h a t  f l o a t  
on the high pos i t ive  voltage a r e  susceptible t o  damage during a rc ing  from 
t h i s  voltage through s t r a y  c i r c u i t  capacitance t o  spacecraft  ground. The 
chopper t r a n s i s t o r s  are subject t o  momentary but  damaging periods of over- 
voltage during output arcing through interwinding capacity i n  t h e  t rans-  
formers. Because of these e f fec ts ,  the converters incorporate e lec t ro-  
s t a t i c  shielding i n  transformers, breakdown-diode overvoltage protect ion 
f o r  chopper t r a n s i s t o r s ,  and output current- l imit ing through feedback 
and through f ixed  r e s i s t o r s  between the converter and thrustor .  
t h r u s t o r  e lectrodes exhibi t  very high inpedances during t h r u s t o r  operations, 
and, therefore ,  high values of converter output res i s tance  can be employed 
a t  no detriment t o  thrus tor  performance. However, the voltage drop and 
power d i s s i p a t i o n  prevent the use of high s e r i e s  res i s tance  values. 
theless, s e r i e s  res is tance of a f e w  hundred ohms has been found t o  be very 
e f f e c t i v e  i n  improving converter r e l i a b i l i t y .  
Because of the high voltage employed and t h e  presence of a 
I 
The 
Never- 
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Because of the p o s s i b i l i t y  of outgassing during the f l i g h t ,  pre- 
cautions have been taken against  arcing and corona discharge w i t h i n  t h e  
converters. For t h i s  purpose, the converter f o r  the  electron-bombardment 
thrus tor  i s  housed i n  pressure- t ight  containers.  The converter for t h e  
contact-ionization thrus tor  i s  housed i n  unsealed containers  but  u t i l i z e s  
sealed high-voltage modules; a l l  high-voltage terminals a r e  coated w i t h  
insulat ion.  
but extreme care has been found t o  be necessary i n  seal ing and potting. 
Both approaches have worked w e l l  i n  vacuum chamber t e s t s ,  
INSTRUMENTATION AND TELE3ETRY 
Instrument a t  ion Problems 
€mstrumentation of the t h r u s t o r s  and power converter f o r  transmission 
of operating parameters through the  telemetry system i s  complicated by t h e  
high voltage l e v e l s  t h a t  a r e  employed. 
i n i t i a l l y  generated or later modified t o  the conventional telemeter input 
voltage range of 0 t o  5 vol ts .  Converter parameters are measured on the 
a-c s ide only. This permits transformer reduction of the  high voltage 
levels .  For transmission of parameters, such as the  magnetic f i e l d  current  
i n  the electron-bombardment thrus tor ,  which i s  a d i r e c t  current  of approxi- 
mately 15 amperes flowing i n  a low-resistance c i r c u i t  t h a t  i s  grounded a t  
2500 v o l t s  above the telemetry system ground, spec ia l  transducers have been 
developed. 
e t r y  pract ice .  
A l l  parameter s igna ls  a r e  e i t h e r  
Spacecraft performance monitoring follows conventional telem- 
Special instrumentation t h a t  i s  c a r r i e d  f o r  diagnosis of t h r u s t o r  per- 
formance cons is t s  of a beam power probe t h a t  w i l l  sweep across  the  ais- 
charge beam of the electron-bombardment t h r u s t o r  and an e l e c t r i c  f i e l d  
? 
- 11 - 
I .  
. 
meter t h a t  w i l l  give a qua l i t a t ive  indicat ion of beam neutral izat ion.  The 
instrumentation that  i s  used f o r  th rus t  measurement i s  described i n  a later 
section. 
Telemetry System 
Aside from the  spec ia l  requirements of t he  t h r u s t  de tec t ion  system 
the  on-board and ground s t a t i o n  requirements of t he  SERT-I f l i g h t  can be 
m e t  by conventional FM/FM equipment. For t h e  purposes of t he  experiment, 
t h rus to r  obserVhtions do not require measurements of rap id ly  f luc tua t ing  
variables.  For th i s  reason, a l l  th rus tor  data ,  other  than th rus t ,  w i l l  be 
sampled r a the r  than continuously measured. 
of two 45 segment 2-cycle-per-second commutators. The output of each 
commutator i s  fed  i n t o  a subcarr ier  o s c i l l a t o r  f o r  transmission. Each of 
the  two commutator links i s  connected t o  separate t ransmit ters .  C r i t i c a l  
data w i l l  be ca r r i ed  on both commutator l inks.  I n  addi t ion t o  t h e  cornu- 
t a t o r  subcarr iers ,  a subcarr ier  i n  each of the transmission links i s  u t i -  
l i z e d  by t h e  t h r u s t  detect ion system and a t h i r d  subcarr ier  i n  each t r ans -  
mission l i n k  w i l l  c a r ry  the  program information. 
Sampling i s  obtained by means 
Command System 
I n  addi t ion t o  the  usual function of providing i n - f l i g h t  cont ro l  of 
t h e  spacecraft ,  t h e  SEBT-I command system w i l l  demonstrate the  f e a s i b i l i t y  
of ( o r  d i f f i c u l t y  i n )  t he  transmission of rad io  comands t o  a spacecraft  
tha t  i s  propelled by an ion thrustor .  It i s  considered poss ib le  t h a t  W 
generated by a rc  orplasma osc i l l a t ions  can e i t h e r  saturate the  command 
receiver ,  o r  equally serious,  cause f a l s e  command. Special  a t t e n t i o n  w a s  
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given t o  these p o s s i b i l i t i e s  i n  the  design and development of t h e  comand 
system. 
A comand i s  generated by the  transmission of two audio tone burs t s ,  
A com- 1 second apart .  Five tones are used t o  obtain 10 re l ay  closures.  
mand w i l l  be put  i n t o  e f f e c t  with an amplitude of 0.25 v o l t  a t  the  rece iver  
output with the  receiver  saturated with random noise. Under t h e  condition 
of noise saturat ion,  t he  t h e o r e t i c a l  p robabi l i ty  of t he  occurrence of a 
f a l s e  cormnand i s  l e s s  than A t ransmit ted power of approximately 
2 ki lowatts  w i l l  be employed, and the  transmitter w i l l  r ad i a t e  through a 
la rge  parabolic antenna t h a t  w i l l  t r ack  the  spacecraft .  
Thrust Detection System 
The th rus t  detect ion system w i l l  continuously monitor t he  angular 
momentum of the  spacecraft .  Thrust w i l l  be infer red  from changes i n  angu- 
lar momentum. Because of t he  thrus t - in tegra t ing  ac t ion  of t he  spinning 
spacecraf t ,  very low instrumentation accuracy w i l l  be s u f f i c i e n t  f o r  t h r y s t  
detect ion,  i f  t h rus t  i s  continuously produced f o r  t he  1/2-hour t h a t  i s  t o  
be a l l o t t e d  t o  each thrus tor .  Nevertheless, t he  SERT-I spacecraf t  w i l l  
ca r ry  instrumentation of the  highest  accuracy i n  order t o  assure  t h r u s t  
measurements i n  t he  event of deviat ions from expected thrus tcy  perform- 
ance or f a i l u r e  of t h rus to r  o r  spacecraft  after a short  i n t e r v a l  of t h rus t .  
The expected th rus t  of the  contact- ionizat ion th rus to r  w i l l  cause t h e  
spacecraf t  spin r a t e  t o  change a t  approximately 0.14 percent per  minute and 
t h a t  of the electron-bombardment th rus to r  approximately 0.67 percent minute. 
Thus, f o r  30-minute th rus t ing  in t e rva l s ,  t he  spin r a t e  can change 4.2 and 
20 percent. 
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The t h r u s t  detect ion system comprises three independent subsystems. 
Two of t he  subsystems are  solar c e l l  s p i n  period detectors .  The t h i r d  
subsystem u t i l i z e s  an accelerometer t h a t  i s  mounted so t h a t  i t s  sens i t i ve  
a x i s  i s  perpendicular t o  and i n t e r s e c t s  t he  spacecraft  spin axis. 
Each so lar  c e l l  subsystem employs a s i l i c o n  photocel l  t h a t  i s  housed 
behind a narrow s l i t .  
c r a f t  with the  s l i t  p a r a l l e l  t o  t h e  spin axis. The two c e l l s  we spaced 
180° apar t .  The s l i t  and c e l l  combination and associated c i r c u i t r y  w i l l  
generate one pulse each revolution. Each so lar  c e l l  subsystem u t i l i z e s  
a separate  telemetry l ink.  The received pulses  w i l l  be f ed  i n t o  clock- 
cont ro l led  e lec t ronic  counters f o r  period measurement. For pure spin, t h e  
system e r r o r  i n  spin period measurement i s  expected t o  be l e s s  than 
0.1 percent i n  the observation of a s ingle  revolution. 
The c e l l s  a r e  mounted on the  periphery of t h e  space- 
The output of an accelerometer t h a t  i s  mounted along one of t he  pr in-  
c i p l e  axes of a f r e e l y  r o t a t i n g  body w i l l  contain information about mo- 
t i o n  about a l l  th ree  p r inc ipa l  axes. Hence, the  accelerometer subsystem 
w i l l  provide the  necessary information concerning poss ib le  complex motion 
of t he  spacecraft .  Measurement of spacecraft  precession and nutat ion 
w i l l  be e s s e n t i a l  i f  motion about t he  t ransverse axes i s  l a rge  and if  there  
i s  energy t r a n s f e r  from t h e  t ransverse axes t o  t h e  spin axes. 
The on-board accelerometer system w i l l  provide a frequency modulated 
output i n  t h e  low subcarr ier  frequency range t h a t  w i l l  d i r e c t l y  modulate 
each te lemetry t ransmit ter .  
w i l l  e x t r a c t  t he  accelerometer system s igna l  frequency from t h e  received 
te lemeter  s igne l  frequencies. The output of the f i l t e r  w i l l  be  fed  i n t o  
On t h e  ground, a sharp cutoff  band-pass f i l t e r  
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e lec t ronic  counters. The s t a b i l i t y  and s e n s i t i v i t y  of the complete space- 
c r a f t  and receiving s t a t i o n  system i s  such t h a t  ion thrus tor  t h r u s t  of as 
l i t t l e  as a 10-second duration w i l l  be measurable, w i t h  a n  uncertainty of 
approximately 0.05 millipound. 
SPACECRAFT STRUCTURE 
A s  discussed e a r l i e r ,  the  top-l ike shape of the SERT-I spacecraft  
was d ic ta ted  by the  t h r u s t  measurement method. The basic  support s t ruc-  
ture cons is t s  of a f l a t ,  c i r c u l a r  baseplate supported on a c y l i n d r i c a l  
pedes ta l  (see f i g .  1). 
machined from a forged magnesium b i l l e t .  The supporting pedestal  i s  a l s o  
machined from a magnesium b i l l e t .  
adapter t h a t  mates the spacecraft  t o  t h e  Scout four th  stage. 
i s  of welded and r ive ted  aluminum sheet. 
opened by f i r i n g  explosive b o l t s  t o  separate t h e  spacecraft  from the  Scout 
fourth stage. 
The baseplate has a ribbed understructure and i s  
The pedestal  i s  clamped t o  a conical  
The adapter 
The adapter pedestal  clamp i s  
A welded aluminum box frame i s  mounted on t h e  top  center  of the base- 
p la te ,  I n  t h i s  s t ructure  and i n  t h e  pedestal  below it a r e  mounted t h e  
basic  spacecraft  gear: the programmer, t h e  power d i s t r i b u t o r ,  the  telem- 
e t r y  signal conditioning and switching gear, and t h e  command receiver.  
The heavy components, such as b a t t e r i e s  and power converters, a r e  mounted 
on both sides of t h e  baseplate alongside t h e  c e n t r a l  frame and pedestal. 
This mass d i s t r i b u t i o n  provides a dominant roll axis  moment of i n e r t i a .  
The thrustor  mounting arms are hinged near  the  outer edge of the base- 
plate .  
re leased by an explosively actuated l a t c h  t o  permit outward deployment of 
The deployment linkage i s  locked t o  the  c e n t r a l  pedestal  and i s  
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c 
t he  thrus tors .  The deployment i s  cent r i fuga l ly  actuated with t h e  r a t e  
being l imi ted  by hydraulic dampers. 
Components t h a t  are mounted on top of t he  baseplate  are t i e d  s t ruc-  
t u r a l l y  t o  t h e  center  frame and t h e  power converter housings t h a t  a r e  
mounted t o  the  lower s ide  of t he  baseplate are t i e d  t o  t h e  center  pedes- 
tal. These t i e s  are employed t o  suppress v ibra t ion  resonances. 
CONCLUDING REMARKS 
I n  s p i t e  of t he  uncertain influence of the w a l l s  i n  vacuum chamber 
operation of ion thrus tors ,  it i s  considered very probable t h a t  the  
t h r u s t o r s  ca r r i ed  by SERT-I w i l l  produce th rus t  i n  space. If SERT-I 
da ta  ind ica te  t h a t  beam neut ra l iza t ion  i s  completely e f f ec t ive ,  the  de- 
velopment of ion th rus to r s  f o r  space missions can continue i n  vacuum 
chambers. However, i f  beam neut ra l iza t ion  i s  of limited effect iveness ,  
a new program of vacuum chamber and f l i g h t  tes ts  may be undertaken. 
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TABLE I - PRINCIPAL THRUSTOR CHARACTERISTICS AND OPERATING PARAMETERS 
Ion-beam out s ide diameter, in. 
Overall thrustor  diameter, in. 
Thrustor weight, l b  
Propellant 
Specific impulse, sec 
Total  input parer,  watts 
Power efficiency, percent 
Propel lant-ut i l izat ion eff ic iency,  percent 
Thrust, millipounds 
Beam current,  m a  
Electron- 
bombardment 
t h r u s t  or 
3.9 
7 .5  
9.3 
Mercury 
5000 
1400 
50 
80 
6.4 
280 
Contact- 
ion iza t ion  
t h r u s t  o r  
3.2 
4.0 
14  
Cesium 
8250 
610 
5 1  
96 
1.25 
50 
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Figure 1. - SBRT-I spacecraft In launch configuration. 
Flgure 2. - SERT-I spacecraf t  in fllght conf lgura t lon .  
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Figure 3. - Prototype SERT spacecraf t  
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Figure 4. - Schematic diagram of contact-ionization thrustor. 
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Figure 7. - Schematic diagram of electron-bombardment thrustor. 
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Figure 8. - Flight model electron-bombardment thrustor. 
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Figure 5 .  - View of contact-ionization thrustor during 
vacuum chamber operation. 
Figure 6. - Cutaway laboratory model of electron-bombardment thrustor. 
